Abstract We determined fission yields of xenon ( 133m Xe, 135 Xe, 135m Xe, 137 Xe, 138 Xe, and 139 Xe) resulting from 14 MeV neutron induced fission of depleted uranium at the National Ignition Facility. Measurements begin approximately 20 s after shot time, and yields have been determined for nuclides with half-lives as short as tens of seconds. We determined the relative independent yields of 133m Xe, 135 Xe, and 135m Xe to significantly higher precision than previously reported. The relative fission yields of all nuclides are statistically indistinguishable from values reported by England and Rider (ENDF-349. LA-UR-94-3106, 1994), with exception of the cumulative yield of 139 Xe. Considerable differences exist between our measured yields and the JEFF-3.1 database values.
Introduction
Experimental constraints on fission yield distributions are important to the development of theoretical nuclear models and to practical applications in nuclear engineering and international nuclear security. Nuclear fission systematics are primarily based on experimental data of mass and charge distributions (e.g., [1] ). In nuclear engineering, improved constraints on fission yield distributions, particularly at high energies, will be critical to understanding moderation in proposed Generation IV fast reactors (e.g., [2, 3] ). In international nuclear security, globally distributed monitoring systems for Comprehensive Test Ban Treaty (CTBT) verification are intended to discriminate between nuclear explosions and civilian nuclear activity using measurements of fissiogenic xenon isotope ratios (e.g., [4] [5] [6] [7] ). Improved constraints on fission product yields thus have potential to impact a diverse set of problems to be addressed by the nuclear science community.
The National Ignition Facility (NIF) at Lawrence Livermore National Laboratory offers a unique opportunity to measure fission yields with high precision as it provides a nearly instantaneous (sub-nanosecond), high fluence fusion neutron source. Target assemblies can be built with actinide dopants (e.g., depleted uranium) and loaded with fuels that produce approximately mono-energetic neutron energies (e.g., 2.45 MeV neutrons from D-D fusion or 14.1 MeV neutrons from D-T fusion) or broad neutron energy spectra (e.g., D- 3 He fusion). The NIF is equipped with on-site sample collection and nuclear counting capabilities that enable fission yield measurements within seconds following a shot [8] .
In this paper we present measurements of gaseous fission product yields ( 133m Xe, 135 Xe, 135m Xe, 137 Xe, 138 Xe, 139 Xe) resulting from 14.1 MeV neutron induced fission of depleted uranium ( 238 U/ 235 U * 500; [9] ). The experimental design, including data acquisition and analysis routines, are described in detail. The resulting fission yields measurements are compared to England and Rider [10] and the JEFF 3.1 evaluation [11] .
Experimental details Shot information and neutron energy spectrum
Xenon fission yields were measured on six shots, each of which used a target hohlraum that was lined with depleted uranium. All six shots featured cryogenically cooled, glow discharge polymer (GDP) capsules (e.g., [12] ) loaded with deuterium-tritium (D-T) fuel (atom ratio *1:1). The D-T fusion neutron yields varied by a factor of approximately seven, from 1.1 9 10 15 to 7.6 9 10 15 neutrons (Table 1) . Neutrons having an average energy of 14.1 MeV dominate the neutron energy spectrum on all shots. Down-scattered neutrons with energies of 10-12 MeV account for 3-5 % of the total neutron yield (Table 1) . D-D fusion neutrons (2.45 MeV) are generally 2 orders of magnitude less abundant than D-T neutrons (Table 1) . Neutrons with energies greater than 15 MeV, resulting from the fusion of energetic deuterons or tritons, account for less than 0.01 % of the total neutron yield [13] . Hatarik et al. [14] provide a more complete description of the typical neutron energy spectrum produced during implosions of cryogenically cooled GDP capsules at the NIF.
Experimental facilities and instrumentation
Gaseous debris generated in the target chamber is pumped through an automated processing line called the radioactive analysis of gaseous samples (RAGS) system. A detailed description of the individual hardware components and their operation is given in Shaughnessy et al. [8] . Brief descriptions of key components of the system relevant to this study are given here.
(1) The NIF cryopump gate valves are closed seconds before a shot and a network of three, 2000 L/s turbo pumps transports gases from the target chamber through 60 meters of 2 00 stainless steel vacuum tubing to the gas purification and collection hardware located in the basement of the NIF. The target chamber is pumped for 15 min after each shot. (2) Once in the basement, the target chamber gas is first processed through a water vapor trap made from copper (Cu) foam that is maintained at 175 K. The residual gas is then pumped through a series of four getters (two hot and two cold). The majority of noninert species (e.g., CO 2 , N 2 , O 2 , H 2 O, H 2 , and hydrocarbons) are removed from the gas phase by the water vapor trap and getters. (3) The purified gas is then pumped over a cryogenically cooled Cu foam that is maintained at 60 K, which removes Xe from the gas phase (hereafter referred to as the collection foam). (4) The residual gas, which is composed primarily of lighter noble gases and hydrogen, is pumped into a 12 L stainless steel cylinder, where it is retained until the radioactivity diminishes. (5) The system is equipped with four gamma ray detectors. Lanthanum bromide (LaBr 3 ) detectors are located adjacent to the 12 L stainless steel cylinder, the water trap, and the first hot getter. A high purity germanium (HPGe) detector is located above the collection foam.
The HPGe detector located above the collection foam was used to quantify abundances of short-lived isotopes of Xe ( 135m Xe, 137 Xe, 138 Xe, 139 Xe). It was positioned at 8 00 above the Cu foam on the first three shots and at 12 00 above the foam on the latter three shots (Table 1 ). In situ counting data were gathered in list mode for a maximum duration of 12 h following shots (e.g., Figure 1 ). The temperature of the Cu foam was then increased to 140 K to release Xe. The released Xe was transferred to a removable sample bottle and brought to a low background counting facility to 135 Xe (t 1/2 = 9.14 h) was measured at both the NIF and the low background counting facility and was used to inter-calibrate data.
Background subtractions and photopeak time regressions
Background-subtracted photopeak intensities were calculated as function of time for each isotope at 30-120 s intervals. Backgrounds were determined by linear least squares fitting of data from the six channels to the low-and high-energy sides of the six channel gate containing the photopeak. Count rates at the start of each interval were computed from the integral count rates using the half-lives given in Table 2 .
HPGe detector efficiency calibration
The relative efficiency of the HPGe detector located above the collection foam was calibrated on each shot according to the following procedure. Background-subtracted photopeak intensities in the interval of 30-60 min after t 0 were determined for six 138 Cs and three 138 Xe gamma rays ( Xe. This calibration covers energies from 258 to 2640 keV and reflects both the intrinsic efficiency of the detector and self-absorption related to the collection foam geometry and density. Uncertainties on polynomial fits were calculated using the polyconf function of the MATLAB Ò curve fitting toolbox. Subtle variations in efficiency are apparent between shots. These differences are likely related to the position of the detector, which varied vertically from 8 00 to 12 00 above the collection foam (Table 1 ) and laterally by several centimeters. It is also possible that there were subtle angular variations in the orientation of the crystal face relative to the collection foam and/or variations in the location where Xe was frozen on the foam. To account for these variations, shot-specific efficiency calibrations were used for all data reduction procedures.
Results
Since the mass of depleted uranium in the hohlraum is not characterized on a shot-to-shot basis, the number of fissions that occurred in the sample chamber is unknown and direct measurements of absolute fission yields at the NIF have not been made to date. It is possible to determine relative fission yields, although two aspects of our experimental design preclude the use of time-integrated photopeak intensities over the lifetime of each nuclide. First, detector dead time and random summing are significant and highly variable in the minutes to hours following shots. As such, comparisons of cumulative photopeak intensities of shorter-and longer-lived isotopes are subject to large uncertainties. Second, the fractional decay of Xe isotopes Half-lives and decay modes are from JEFF-3.1 radioactive decay data sub-library Gamma intensities are from the NNDC interactive chart of the nuclides I and Te half-lives and decay modes were used to model temporal variations in activity Uncertainties in half-lives and decay modes were not considered in these calculations
Gamma intensities in bold were used to compute atom ratios from photopeak intenstities Gamma intensities in italics were used to calibrate the relative efficiency of the HPGe detector Uncertainties in gamma intensities were not considered in these calibrations prior to arrival at the collection foam varies considerably due to differences in half-life. Accurate constraints on pumping speed would thus be required to correct timeintegrated photopeak intensities for these ''in flight'' losses. Due to these uncertainties, temporal variations in activity ratios must be used for relative fission yield determinations. Activity ratios determined from photopeak intensities accumulated over time intervals that are short compared to changes in deadtime and random summing are insensitive to both the magnitude and variation of these parameters. The abundance of each isotope on the collection foam varies with time due to ingrowth from precursors, radioactive decay, and dynamic pumping. Data were corrected for differential decay rates by normalizing all activities to shot time (i.e., back-extrapolating to an abundance at t 0 ). Apparent variations in the decay-corrected abundances as a function of time reflect the integrated effects of pumping and ingrowth from precursors. For example, consider a hypothetical metastable isomer of Xe that is produced directly from fission and that is not the progeny of other fissiogenic decay chains. Assume that the time constant for pumping half of the Xe in the target chamber to the collection foam is 180 s (i.e., assume pumping is approximated by an exponential with a rate constant of 180 s). The decay-corrected abundance increases with time as gas is delivered to the collection foam, until reaching a constant value when the target chamber is fully evacuated or the collection process is terminated (Fig. 2a) . Because this hypothetical isomer is not continuously produced in the target chamber after shot time by ingrowth from precursors, temporal variations in the decay-corrected abundance only reflect the time constant for pumping. Now consider the relative abundance of two such metastable isomers with different half-lives and independent yields (Fig. 2a) . Assume both isomers have the same time constant for pumping. In this case, the decay-corrected abundance ratio is invariant over time, and is directly proportional to their relative fission yields (Fig. 2a) .
Temporal variations are less straightforward to interpret when one (or both) of the isotopes is produced by decay of precursors in the target chamber following a shot. For example, consider a hypothetical Xe isotope (t 1/2 = 30 min.) that is produced directly by fission and by decay of a precursor with an equivalent independent yield and half-life of 60 s. Figure 2b illustrates the decay-corrected abundance ratio of this isotope relative to the hypothetical metastable isomers described above. By inspection it can be seen that the decay-corrected abundance ratio initially approximates the ratio of the independent yields, before approaching an invariant value toward the end of the pumping interval that differs from the ratio of the cumulative yields by 2 %. This difference results from a convolution of the pumping time constant (180 s) and the 60 s half-life for production of Xe in target chamber from the decay of its precursor. For some isotopes, it is possible to exploit these temporal variations to constrain relative independent and cumulative fission yields (discussed below).
The magnitude of the discrepancy between decay-corrected abundance ratios and cumulative yield ratios depends on the half-lives of the precursors, the yield Fig. 2 a Comparison of the decay-corrected abundances (black lines) of two hypothetical metastable isomers of Xe that are produced directly from fission, without further ingrowth from precursors. The decay-corrected abundances increase with time as gas is delivered to the collection foam, until reaching a constant value when the collection process is terminated at 15 min. The decay-corrected abundance ratio (red line) is invariant over time, and is directly proportional to their relative fission yields (dashed black lines). b Comparison of the decay-corrected abundances (black lines) of (1) a hypothetical metastable isomer of Xe that is produced directly from fission, without further ingrowth from precursors (Nuclide B), and (2) a hypothetical isotope of Xe (t 1/2 = 30 min) that is produced directly by fission and also by the decay of a precursor with an equivalent independent yield and half-life of 60 s (Nuclide A). The decaycorrected abundance ratio (red line) increases from the independent yield ratio to an invariant value that differs from the cumulative yield ratio by 2 %. (Color figure online) distribution amongst the precursors, the pumping time constant, and the pumping duration. For shorter-lived decay chains wherein the precursors fully decay during the collection interval (i.e., 137 Xe, 138 Xe, and 139 Xe), the difference is principally related to the half-lives of nuclides in the decay chain and can be accurately constrained. For longer-lived decay chains (e.g., 133m Xe, 135m Xe, and 135 Xe), discrepancies are more sensitive to the yield distribution. Detailed descriptions of the corrections required to relate the activity ratios of nuclides to relative fission yields, as well as the uncertainties in these corrections, are given below. All independent and cumulative yields discussed herein are determined relative to the cumulative yield of 138 Xe, the most precise Xe cumulative yield evaluated and compiled by England and Rider [10] and in the JEFF 3.1 database.
Cumulative yield of 137 Xe Figure 3 illustrates the decay-corrected 137 Xe/ 138 Xe atom ratio as a function of time for shots N150115 and N150121. Values increase from minima that extrapolate to *0.4 at shot time to a nearly invariant value of 1.05 at 10 min following the shot (Table 3) . To relate this atom ratio to the cumulative yield ratio, a correction must be applied to account for the differential effects of ingrowth and dynamic pumping on the decay chains, as discussed above.
The predicted difference between the decay-corrected 137 Xe/ 138 Xe atom ratio and the cumulative yield ratio is shown alongside the data in Fig. 3 . The model was calculated with the decay constants and branching ratios given in Table 2 , using a pumping time constant of 180 ± 20 s (as determined from the decay-corrected activity of 135m Xe), and assuming the relative fission yields of nuclides in the 137 Xe and 138 Xe decay chains are distributed according to England and Rider [10] . The decaycorrected atom ratio underestimates the independent yield ratio throughout the first 2 min due to rapid ingrowth of 138 Xe from the decay of 138 I (t 1/2 = 6.5 s). The ratio then increases with time due to progressive ingrowth of 137 Xe from the decay of 137 I (t 1/2 = 24.5 s). After 10 min, the decay-corrected 137 Xe/ 138 Xe atom ratio is nearly invariant and exceeds the cumulative yield ratio by 6.9 %. Figure 4 illustrates the predicted difference between the decay-corrected atom ratio and cumulative yield ratio as a function of the pumping time constant and yield distribution. In generating this figure, the cumulative yield of 137 I was varied within the uncertainty quoted by England and Rider [10] while the cumulative yield of 137 Xe was held constant (i.e., changes in the cumulative yield of 137 I were balanced by changes to the independent yield of 137 Xe, thereby maintaining a constant chain yield with an altered distribution). By inspection it is apparent that the correction varies little over the range in plausible pumping time constants and yield distributions. The highest and lowest values were taken to approximate the 1r uncertainty on the atom ratio correction (6.9 ± 0.7 %; Table 3 ). The resulting 137 Xe/ 138 Xe cumulative yield ratio, averaged over all six shots, is 0.973 ± 0.013 (Table 3) .
Cumulative yield of 139 Xe Figure 5 illustrates the decay-corrected 139 Xe/ 138 Xe atom ratio as a function of time for shots N150115 and N141009. Values decrease from maxima that extrapolate to *1.1-1.2 at shot time to a nearly invariant value of *0.96 within 2 min of the shot (Table 3 ). The predicted differences between the equilibrium decay-corrected 139 Xe/ 138 Xe atom ratio and the cumulative yield ratio, calculated as described above, is 1.1 ± 2.2 % (Fig. 5; Table 3 ). The cumulative yield ratio inferred from the 297 keV gamma ray of 139 Xe is *5 % higher than that inferred from the 219 keV gamma ray, which may indicate that an extrapolation of our HPGe detector efficiency calibration down in energy to 218 keV is inaccurate, possibly due to appreciable selfabsorption of lower energy gamma rays by the Cu foam. As such, data from the 297 keV gamma ray of 139 Xe were used for comparison with 138 Xe. The resulting average 139 Xe/ 138 Xe cumulative yield ratio is 0.944 ± 0.027 (Table 3) . Xe ± 1r
Back-extrapolated atom ratio at t 0 N140520 -± - Xe atom ratio and the independent to cumulative yield ratio is 11.8 ± 0.5 % (Fig. 6 ; Table 3 ). The predicted difference between this value and the cumulative yield ratio is -79.7 ± 0.3 %. To determine these correction factors, the cumulative yield of 135 I was varied within the uncertainty quoted by England and Rider [10] , while the independent yield of 135 Te was held constant. The small uncertainties reflect the high precision with which the cumulative yield of 135 I is constrained (5.5 ± 0.1 %; England and Rider [10] ). The resulting 135m Xe/ 138 Xe independent to cumulative yield ratio, averaged over all six shots, is 0.0456 ± 0.0007 (Table 3) .
Independent and cumulative yields of 135 Xe
The low activity of 135 Xe precludes its measurement within the first several hours following shots when backgrounds are elevated. As such, our method for determining its yield relative to 138 Xe is slightly different than that for the shorter-lived nuclides. In this case, 135 Xe is measured several hours after the shot and the resulting decay curve is extrapolated back to an activity at t 0 . Likewise, an activity at t 0 is determined for 138 Xe based on a back-extrapolation of 138 Xe data from *30 to 45 min after shot time. Deadtime is generally less than 30 % over this time interval and photopeak intensities decay with a time constant that is indistinguishable from its half-life, which indicates random summing is not significant at this time. As with all other nuclides, a correction is required to account for the differential ingrowth and pumping of 135 Xe relative to 138 Xe. The predicted difference between the equilibrium decaycorrected 135 Xe/
138
Xe atom ratio and the independent to cumulative yield ratio is 221.7 ± 3.3 % ( Table 3 ). The predicted difference between this value and the cumulative yield ratio is -90.9 ± 0.2 %. These correction factors were calculated as described above for 135m Xe. The resulting 135 Xe/ 138 Xe independent to cumulative yield ratio, averaged over all six shots, is 0.0231 ± 0.0006 (Table 3) .
Independent yield of 133m Xe
Measurements of 133m Xe were conducted in a low-background counting facility from *12 h to several days after t 0 . For each shot, the 133m Xe/ 138 Xe atom ratio at the end of the pumping interval was calculated by dividing the decaycorrected 133m Xe/ 135 Xe atom ratio measured in the low background counting facility by the decay-corrected 135 Xe/ 138 Xe atom ratio measured at the NIF. The predicted difference between the resulting 133m Xe/ 138 Xe atom ratio and the independent to cumulative yield ratio is 2.1 ± 0.7 % (Table 3 ). To determine this correction factor, the cumulative yield of 133 Te was varied within the uncertainty quoted by England and Rider [10] and the cumulative yield of 133 I was held constant, thereby changing the precursor distribution. The resulting 133m Xe/ 138 Xe independent to cumulative yield ratio, averaged over all six shots, is 0.0024 ± 0.0001 (Table 3 ). Table 4 and Fig. 7 present the relative fission yields determined in this study compared to England and Rider [10] and the JEFF-3.1 database. All data are normalized to the cumulative yield of 138 Xe given in England and Rider [10] . With respect to England and Rider [10] , the 137 Xe/ 138 Xe cumulative yield ratio is statistically indistinguishable, overlapping at *1.25r.
Conclusions
139 Xe is the only nuclide to yield a significant variation; the 139 Xe/ 138 Xe Xe atom ratio as a function of time for shots N150115 (red) and N150121 (green). A model prediction of the difference between the decay-corrected atom ratio (solid black line) and independent to cumulative yield ratio (dashed black line), scaled to fit the measurements from 15 to 45 min, is shown for reference. The decay-corrected 135m Xe/ 138 Xe atom ratio at the end of the 15 min pumping interval exceeds the cumulative yield ratio by 11.8 %. (Color figure online) cumulative yield ratio measured at the NIF is greater than that of England and Rider [10] by *2.5r.
139 Xe is the shortest-lived nuclide measured (t 1/2 = 39.7 s), and the only nuclide for which the calculated cumulative yield given by England and Rider [10] differs considerably from their recommended value. Interestingly, the calculated yield of 3.96 % is statistically indistinguishable from our measured value and the JEFF-3.1 database value (Table 4 ). All independent yields ( 135m Xe, 135 Xe, and 133m Xe) are indistinguishable at 2r from the poorly constrained values reported by England and Rider [10] , and are determined here at much higher precision.
Relative to the JEFF-3.1 database, the 137 Xe/ 138 Xe cumulative yield ratio determined in this study is considerably lower, although not distinguishable at 2r given the relatively large uncertainty on the database value. As noted above, our 139 Xe/ 138 Xe cumulative yield ratio is statistically indistinguishable from that in the JEFF-3.1 database. The agreement between the measured and database independent yields is relatively poor; only 135m Xe is indistinguishable at 2r.
Overall, the relative fission yields determined in this study are more consistent with values reported by England and Rider [10] , with the exception of 139 Xe. The overall agreement between the other nuclides suggests that uncertainties reported by England and Rider [10] are robust in this mass range. Relative to both England and Rider [10] and the JEFF-3.1 database, our measurements indicate that the fission yield spectrum is comparably flat across masses 137-139. Additionally, the data reported herein significantly improve the precision with which the relative independent yields of 135m Xe, 135 Xe, and 133m Xe are determined.
